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Several classes of astrophysical sources contribute to the approximately isotropic gamma-ray back-
ground measured by the Fermi Gamma-Ray Space Telescope. In this paper, we use Fermi’s catalog
of gamma-ray sources (along with corresponding source catalogs at infrared and radio wavelengths)
to build and constrain a model for the contributions to the extragalactic gamma-ray background
from astrophysical sources, including radio galaxies, star-forming galaxies, and blazars. We then
combine our model with Fermi’s measurement of the gamma-ray background to derive constraints
on the dark matter annihilation cross section, including contributions from both extragalactic and
galactic halos and subhalos. The resulting constraints are competitive with the strongest current
constraints from the Galactic Center and dwarf spheroidal galaxies. As Fermi continues to measure
the gamma-ray emission from a greater number of astrophysical sources, it will become possible to
more tightly constrain the astrophysical contributions to the extragalactic gamma-ray background.
We project that with 10 years of data, Fermi’s measurement of this background combined with the
improved constraints on the astrophysical source contributions will yield a sensitivity to dark matter
annihilations that exceeds the strongest current constraints by a factor of ∼5-10.

PACS numbers: 95.35.+d, 07.85.-m, FERMILAB-PUB-13-546-A, MCTP-13-40

I. INTRODUCTION

The diffuse and approximately isotropic gamma-ray
background was first detected by the SAS-2 satellite [1],
and later confirmed by EGRET [2] and the Fermi
Gamma-Ray Space Telescope [3]. This emission has long
been speculated to be the product of a large number of
unresolved sources, such as active galactic nuclei [4–13]
or star-forming galaxies [14–17]. It was also suggested
that a portion of this background could be the result of
annihilating dark matter particles [18–20].

With the wealth of new information brought forth by
Fermi, a much more concrete and detailed picture for the
origin of the extragalactic gamma-ray background (EGB)
has emerged.1 In particular, the large catalog of blazars
observed by Fermi [21] has been used to construct de-
tailed luminosity functions and redshift distributions for
the populations of flat-spectrum radio quasars (FSRQs)
and BL Lac objects. This information, as well as the
degree of small-scale anisotropy observed by Fermi [22],
supports the conclusion that unresolved blazars con-
tribute only ∼20% of the EGB [23–26]. Fermi’s detection
of gamma-ray emission from both star-forming galax-
ies [27] and radio galaxies [28], combined with the ob-
served correlations between emission at gamma-ray and

1 Although we will use the phrase “extragalactic gamma-ray back-
ground” throughout this paper to describe the approximately
isotropic emission that is observed, we do not intend to imply
that no galactic sources could contribute to this flux. If dis-
tributed sufficiently isotropically across the sky, a population of
faint galactic sources would be difficult to separate from the ex-
tragalactic background. Despite the recent detection of small
scale anisotropies [22], this background is also sometimes referred
to as the isotropic gamma-ray background.

infrared and radio wavelengths, has revealed that these
source classes each contribute significantly to the EGB.
Taken together, the emission from unresolved blazars,
star-forming galaxies, and radio galaxies is likely to make
up the majority of the observed EGB, and could plausibly
constitute the entirety of this background (see, for exam-
ple, the combinations presented in Refs. [29] and [30],
or the discussion in Ref. [31]). Given the uncertainties
in the characteristics of these source populations, how-
ever, there remains room for not-insignificant contribu-
tions from other sources, such as merging galaxy clus-
ters [32–34], cascades generated in the propagation of
ultra-high energy cosmic rays [35, 36], or annihilating or
decaying dark matter.

In this paper, we construct an empirically based model
for the contributions to the EGB from star-forming
galaxies, radio galaxies, FSRQs, and BL Lac objects,
and we compare this model to the observed spectrum
of the EGB. We then make use of this model to derive
upper limits on the contribution from dark matter, and
on the corresponding annihilation cross sections. We find
that the resulting dark matter constraints are competi-
tive with those derived from observations of the Galactic
Center [37] and dwarf spheroidal galaxies [38, 39]. Fur-
thermore, as Fermi continues to detect and characterize
the gamma-ray emission from an ever larger number of
sources, it will become increasingly possible to tightly
constrain the various astrophysical contributions to the
EGB. We project that with 10 years of data, Fermi’s
measurement of the EGB, combined with the expected
constraints on the astrophysical source contributions, will
yield a sensitivity to dark matter annihilations that ex-
ceeds current constraints by a factor of ∼5-10. Such a
result could plausibly represent the strongest constraint
on the dark matter annihilation cross section by the end
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FIG. 1. The models used in our analysis to describe the spectral shape of the gamma-ray emission from Milky Way-like star-
forming galaxies (left) and much higher luminosity starburst galaxies (right), neglecting attenuation from the cosmic infrared
background. See text for details.

of the Fermi mission.
The remainder of this paper is structured as follows.

In Sec. II, we discuss contributions to the EGB from a
variety of astrophysical sources, including star-forming
galaxies, radio galaxies, blazars, cascades induced by
ultra-high energy cosmic rays, and millisecond pulsars.
We describe and constrain a model for this astrophysical
emission, and find that the combination of these sources
could account for the entirety of the EGB, although with
significant statistical and systematic uncertainties. In
Sec. III, we calculate the contribution to the EGB from
dark matter annihilations, including extragalactic halos
and subhalos, and the halo and subhalos of the Milky
Way. In Sec. IV, we use these results to derive constraints
on the dark matter annihilation cross section. In Sec. V,
we make projections for Fermi’s future sensitivity to an-
nihilating dark matter. Finally, in Sec. VI, we summarize
our results and conclusions.

II. ASTROPHYSICAL CONTRIBUTIONS TO
THE DIFFUSE GAMMA-RAY BACKGROUND

In this section, we discuss several astrophysical contri-
butions to the EGB, and constrain their spectral shapes
and normalizations. Taken together, we find that the
combination of emission from star-forming galaxies, ra-
dio galaxies, FSRQs and BL Lac objects likely makes
up the majority of the EGB, although with significant
uncertainties.

A. Star-Forming Galaxies

Although few galaxies (excluding those with active nu-
clei) are bright enough to be detected by Fermi as indi-
vidual sources, they are very numerous and may collec-
tively contribute significantly to the EGB [15–17, 31].
Galaxies produce and contain cosmic rays, which gener-

ate gamma-rays through pion decay, inverse Compton,
and bremsstrahlung processes. The intensity and spec-
trum of this emission is expected to depend on the star
formation history of the galaxy in question. To date,
Fermi has reported the detection of only nine individ-
ual galaxies, four of which reside within the Local Group
(the SMC, LMC, M31, and Milky Way) and five of which
are more distant (NGC 253, M82, NGC 4945, NGC 1068
and Circinus) [27, 40–42]. Additionally, M82 and NGC
253 have been observed at very high-energies by ground-
based gamma-ray telescopes [43, 44]. Taking this infor-
mation alone, it would be very difficult to produce a reli-
able model for the luminosity and redshift distribution of
such sources. Fortunately, many more galaxies have been
detected at infrared wavelengths [45], and the gamma-ray
luminosities of the galaxies detected by Fermi have been
shown to be highly correlated with the corresponding ra-
dio and infrared emission. In particular, Ref. [27] reports
the following relationship between the emission in the
0.1-100 GeV and 8-1000 µm bands:

log

(
L0.1−100 GeV

erg/s

)
= α log

(
L8−1000µm

1010 L�

)
+ β, (1)

where α = 1.17± 0.07 and β = 39.28± 0.08. Combining
this observed correlation with the observed infrared lumi-
nosity function and redshift distribution of galaxies [45],
it is possible to derive the gamma-ray luminosity function
for this source population [27].

To describe the spectral shape from this source popula-
tion, we build a physical model for the gamma-ray spec-
tra from star-forming and starburst galaxies, constrained
to match the observed emission from such objects. In the
left and right frames of Fig. 1, we plot the gamma-ray
spectrum from a Milky Way-like star-forming galaxy and
a high luminosity starburst galaxy, respectively. In the
starburst case, we select the pion, inverse Compton, and
bremsstrahlung components to match the overall spectral
index (above 1 GeV) of 2.2, as observed from individual
starburst galaxies by Fermi [27]. In the Milky Way-like
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FIG. 2. The estimated contribution to the EGB from star-
forming galaxies (including starburst galaxies). The dashed
curve represents the estimate derived using the central pa-
rameter values, while the solid lines are the 1σ uncertainties
around that prediction. The error bars denote the spectrum of
the EGB as measured by Fermi [3], while the points without
error bars are the central values of the Fermi’s preliminary
EGB analysis, currently in preparation and shown only for
comparison [47]. See text for details.

case, we normalized the various components (relatively)
according to the model described in Ref. [46]. In calcu-
lating the contribution to the diffuse gamma-ray back-
ground, we describe the spectral shape from the com-
bination of all star-forming galaxies (including starburst
galaxies) as a weighted sum which is a function of a single
parameter, f :

dNγ
dEγ

= f
dNγ
dEγ

∣∣∣∣
star−forming

+ (1− f)
dNγ
dEγ

∣∣∣∣
starburst

. (2)

In Fig. 2, we show our estimate for the contribu-
tion to the EGB from star-forming galaxies. The cen-
tral (dashed) curve corresponds to the result found for
α = 1.17, β = 39.28, f = 0.5, and the central value of the
normalization of the infrared luminosity function [45]. To
calculate the uncertainty for this contribution (solid, rep-
resenting variations at the 1σ level), we propagate the fol-
lowing uncertainties in these parameters: α = 1.17±0.07,
β = 39.28 ± 0.08, f = 0.5 × 10±0.20 (constrained such
that 0 < f < 1), and an overall uncertainty of ±30%
in the normalization of the infrared luminosity function.
Taken together, we find that while star-forming galaxies
are likely to produce only ∼10-15% of the extragalactic
diffuse gamma-ray background, the related uncertainties
are large, allowing for the possibility that their contribu-
tion could be more significant. Throughout this study, we
adopt standard cosmological parameters (ΩΛ = 0.6817,
ΩM = 0.3183 [48]) and account for gamma-ray attenua-
tion via pair-production with the cosmic infrared back-
ground (γ + γIR → e+e−) using Ref. [49]’s “fiducial
model” for the optical depth, τ(Eγ , z).

2

2 The “fiducial model” of Ref. [49] accounts for the evolution of

FIG. 3. The estimated contribution to the EGB from radio
galaxies (including both FRI and FRII galaxies). The dashed
curve represents the estimate derived using the central pa-
rameter values, while the solid lines are the 1σ uncertainties
around that prediction. Error bars and points are as in Fig. 2.
See text for details.

B. Radio Galaxies

Radio galaxies are active galactic nuclei with relativis-
tic jets that are not aligned with our line-of-sight. Within
this context, Fanaroff-Riley (FR) type I and II radio
galaxies are misaligned BL Lacs and FSRQs, respec-
tively [50]. Although radio galaxies are much fainter than
blazars, they are also much more numerous. As a result,
gamma-ray emission from unresolved radio galaxies is ex-
pected to contribute significantly to the EGB [28, 31, 51].

As with star-forming galaxies, only a small number
(eleven at present) of radio galaxies have been detected
at GeV energies [52]. But also like star-forming galaxies,
a strong correlation has been observed between the GeV
emission of radio galaxies and the emission produced at
other wavelengths. In particular, the gamma-ray (0.1-10
GeV) and radio (5 GHz) emission from both FRI and
FRII radio galaxies exhibit the following correlation [28]:

log

(
L0.1−10 GeV

erg/s

)
= A log

(
L5 GHz

erg/s

)
+B, (3)

where A = 1.16 ± 0.02 and B = −3.90 ± 0.61. We
combine this observed correlation with the luminosity
function and redshift distribution of radio galaxies as re-
ported by Willott et al. [53] (which includes both FRI
and FRII type galaxies) to generate a model for the re-
sulting gamma-ray emission.

For the spectral shape of the gamma-ray emission from
radio galaxies, we adopt a power-law with an index which

the absorption efficiency of dust with redshift. If we had instead
adopted their “fixed model” for the optical depth, this would
have impact our limits by a factor of ∼2 for dark matter masses
greater than a few TeV, and insignificantly for masses below
∼500 GeV.
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FIG. 4. The estimated contribution to the EGB from blazars
(BL Lacs and FSRQs). Once again, the dashed curve repre-
sents the estimate derived using the central parameter values,
while the solid lines are the 1σ uncertainties around that pre-
diction. Error bars and points are as in Fig. 2. See text for
details.

we allow to vary from source-to-source around an average
value. Using the ten spectral indices reported in Ref. [28],
we find that a good fit is found for an average spectral
index of Γ = 2.39 ± 0.15, with a source-to-source varia-
tion of σ ≈ 0.2. In addition to the uncertainties on the
spectral index and the radio-GeV correlation parameters,
we include a 14% uncertainty in the overall normaliza-
tion (corresponding to κ = 0.081 ± 0.011 in Ref. [28]).
In Fig. 3, we show our estimate for the contribution of
radio galaxies to the EGB, including the result derived
using our central parameter values and the surrounding
1σ uncertainty band.

C. Blazars

Blazars are by far the most numerous class of resolved
extragalactic gamma-ray sources, and were long consid-
ered to be a leading candidate to generate the majority of
the EGB. As the number of detected sources increased,
however, it became apparent that unresolved blazars are
unlikely to dominate this background. Taken together
with the observed degree of anisotropy in the diffuse
gamma-ray background at high-latitudes [22], blazars ap-
pear likely to account for only approximately 20% of the
EGB [23–26].

To estimate the contribution from blazars to the EGB,
we consider BL Lac objects and FSRQs independently.
For each of these source classes, Fermi has resolved a
large number of individual objects, making it possible to
construct fairly reliable distributions of these sources in
luminosity and redshift, without relying on correlations
with emission at other wavelengths. Our method to es-
timate these contributions follows closely the works of
Refs. [25, 26, 54], and we do not repeat the details here.
In Fig. 4, we show the resulting contributions of BL Lacs
and FSRQs to the EGB.

FIG. 5. The estimated contribution to the EGB from the
propagation of ultra-high energy cosmic rays. The upper and
lower sets of curves correspond to models with very strong
source evolution and no source evolution, respectively [35].
Error bars and points are as in Fig. 2. See text for details.

D. Ultra-High Energy Cosmic Ray Propagation

Ultra-high energy protons and nuclei scatter with the
cosmic microwave and infrared backgrounds, leading to
their attenuation and to the corresponding spectral fea-
ture known as the GZK cutoff [55, 56]. Such interac-
tions also initiate electromagnetic cascades. The ener-
getic photons and electrons associated with such cascades
undergo a rapid sequence of pair production and inverse
Compton scattering events, evolving rapidly downward
in energy. The resulting spectrum of diffuse gamma-rays
peaks at energies of ∼10−100 GeV, representing the ap-
proximate energy below which the universe is transparent
to gamma-rays.

The spectrum of gamma-rays resulting from ultra-high
energy cosmic ray (UHECR) propagation depends on a
number of relatively unconstrained factors, including the
redshift distribution of sources, the chemical composition
of the UHECRs, the extragalactic magnetic field distri-
bution, and the energy density of the cosmic radio back-
ground. As a result, very large uncertainties are asso-
ciated with the overall flux of gamma-rays produced by
such particles. The spectral shape of this contribution,
in contrast, is less sensitive to these unknown factors. In
Fig. 5 we show the contribution from UHECR propaga-
tion to the EGB for a few representative cases, as origi-
nally presented in Ref. [35] (see also, Ref. [36]). For each
of the four curves shown, the injected cosmic ray spec-
trum is taken to consist purely of protons or iron nuclei,
with a spectral index of 2.3, and with an exponential cut-
off above Z × 1020.5 eV (where Z = 1 for protons and 26
iron nuclei). The upper two curves assume a very strong
source evolution, n(z) = n0 (1 + z)5, while the lower two
curves adopt an unchanging source distribution with red-
shift, n(z) = n0. These cases shown are rather extreme,
and the true contribution from UHECR propagation is
likely to fall somewhere within this range.
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FIG. 6. The estimated contribution to the high-latitude, dif-
fuse gamma-ray background from millisecond pulsars. See
text for details.

E. Millisecond Pulsars

Pulsars are rapidly spinning neutron stars which
steadily convert their rotational kinetic energy into ra-
diation, including potentially observable emission at ra-
dio and gamma-ray wavelengths. Due to their long life-
times and expected spatial distribution, unresolved mil-
lisecond pulsars (MSPs), also known as recycled pul-
sars, have been considered as potential contributors to
the high-latitude diffuse gamma-ray background [57] (see
also Ref. [58]).

The Fermi Collaboration has detected gamma-ray
emission from a total of 125 sources identified as pul-
sars, 47 of which have millisecond-scale periods [59]. Fol-
lowing Ref. [60], we build a spatial distribution and lu-
minosity function model for galactic millisecond pulsars,
constrained to account for the MSPs observed by Fermi
without exceeding the total number of observed MSPs
and currently unidentified gamma-ray sources. We also
further constrain the spatial distribution to accommo-
date the distribution of such sources observed at radio
frequencies [61]. Taken together, we find that MSPs
are expected to account for only approximately 0.1% to
0.3% of the diffuse gamma-ray background above 1 GeV.
This estimate is also compatible with constraints from
Fermi’s anisotropy measurement [62]. For details of the
model used and its fit the observed MSP distribution,
we direct the reader to Ref. [60]. For the spectral shape
of the gamma-ray emission from unresolved MSPs, we
adopt dNγ/dEγ ∝ E−1.46

γ exp(−Eγ/3.3 GeV), which pro-
vides a good fit to the spectra observed from individual
MSPs [60].

In Fig. 6, we show our estimate for the contribution
from millisecond pulsars to the diffuse gamma-ray back-
ground (integrated above |b| > 30◦). The contribution
has a negligible impact on our fits and limits, and thus
we do not consider it further in this study.

F. Other Contributions

There are several other contributions to the EGB
which we will not explicitly include in this study. For
the sake of completeness, we will briefly summarize some
of these possible contributions here.

The mergers of galaxy clusters and other large scale
structures can generate large-scale collisionless shocks ca-
pable of accelerating electrons to highly relativistic ener-
gies. Through inverse Compton scattering with the cos-
mic microwave background, such electrons could poten-
tially generate a non-negligible contribution to the diffuse
gamma-ray background [32, 33]. Assuming that ∼5% of
the thermal energy in such shocks is transferred to the
acceleration of electrons, Ref. [32] finds that this mecha-
nism could account for up to tens of percents of the dif-
fuse gamma-ray background at energies above ∼10 GeV.
In such a scenario, Fermi should be capable of detecting
several merging clusters as gamma-ray sources [32, 34].
Other estimates for this contribution are significantly
lower [33], however, and it is difficult to bound the ex-
pected contribution from this mechanism. As gamma-
ray emission has not yet been detected from galaxy clus-
ters [63–67], we do not include this contribution in our
model at this time.

More local phenomena could also contribute to the dif-
fuse gamma-ray background. In particular, interactions
between cosmic rays and ionized hydrogen in the outer
halo of the Milky Way could produce a diffuse flux of
gamma-rays capable of accounting for ∼1-10% of the ob-
served gamma-ray background [68]. Alternatively, inter-
actions of cosmic rays with debris in the Solar System’s
Oort Cloud could also contribute [69]. We do not include
such local contributions in our calculations.

G. The Combined Astrophysical Contribution to
the Extragalactic Gamma-Ray Background

In Fig. 7, we show the combined contributions to the
EGB from radio galaxies, star-forming galaxies, FSRQs,
and BL Lac objects. To evaluate a given model, we calcu-
late the total chi-square (χ2) corresponding to all of the
parameter values, as described in Secs. II A, II B, and
II C. The dashed curve in Fig. 7 represents the model
with central values for each parameter, whereas the solid
curves denote the range covered by all models which yield
a χ2 that is within 1σ of that found using the central
parameter values. The result shown in Fig. 7 does not
include in its fit the spectrum of the EGB as measured
by Fermi.

Remarkably, we find that the entirety of the observed
EGB can be accounted for by a combination of emission
from radio galaxies, star-forming galaxies, and blazars.
In Fig. 8 we show two specific examples of viable astro-
physical models which provide a good fit to the observed
EGB. In the left frame, we show a model with a neg-
ligible contribution from UHECR propagation, whereas
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FIG. 7. The estimated contribution to the EGB from the com-
bination of radio galaxies, star-forming galaxies, and blazars
(FSRQs and Bl Lacs). The dashed contour represents the
prediction using central values for all model parameters. The
solid contours are the 1σ uncertainties around this prediction,
after propagating all parameter uncertainties. Error bars and
points are as in Fig. 2. See text for details.

the model in the right frame includes a significant contri-
bution from UHECRs (corresponding to iron nuclei pri-
maries, with strong source evolution). These models each
yield excellent fits to the model parameters, as well as to
Fermi’s measurement of the EGB spectrum.

Although the astrophysical contributions included in
our model are collectively able to account for the ob-
served EGB, the uncertainties in the model remain fairly
large and other contributions could also be significant. In
the following sections, we calculate the isotropic gamma-
ray spectrum from annihilating dark matter and include
this contribution in our model of the EGB in order to de-
rive upper limits on the corresponding annihilation cross
section.

III. GAMMA RAYS FROM ANNIHILATING
DARK MATTER

If the dark matter consists of particles with weak-scale
masses and cross sections, their annihilations could con-
tribute significantly to the EGB. In this section, we ex-
amine the gamma-ray spectrum produced through dark
matter particles annihilating in the halo of the Milky Way
and throughout the universe. Throughout this section,
we follow closely the approach of Ref. [70].

A. The Extragalactic Contribution

The intensity of the extragalactic gamma-ray back-
ground from dark matter annihilations is given by [70]:

d2Ieg(Eγ)

dEγdΩ
=

∫
dz

H(z)

〈σv〉
8πm2

DM

(1+z)3 dNγ
dEγ

e−τ [Eγ(1+z),z]

×
∫
dM

dn(M, z)

dM
[1 + bsh(M, z)]

∫
dV ρ2

host(r,M, z),

(4)

where dNγ/dEγ is the gamma-ray spectrum per annihi-
lation (obtained from PPPC4DMID [71]), τ is the optical
depth (again, using the model of Ref. [49]), dn/dM is
the halo mass function (which we tabulate with HMFcalc
[72] using the model of Ref. [73]), and ρhost is the density
profile of a given halo. As our benchmark model, we con-
sider dark matter particles of mass mDM and that annihi-
late to bb̄. For this annihilation channel, the gamma-ray
emission is dominated by the prompt photons, in con-
trast to contributions from inverse Compton scattering
or bremsstrahlung emission, which we do not include in
our calculations. In this work, we will take all host ha-
los to have a density distribution defined by an NFW
profile [74, 75]:

ρhost =
ρs

x(1 + x)2
, (5)

where ρs is the scale density and x = r/rs is the distance
from the center of the halo in units of the scale radius,
rs. We relate the scale and virial radii of a halo with
the concentration, c(M, z) ≡ rvir/rs, as parameterized in
Ref. [76]. The mass of a halo is related to its virial radius
by:

M =
4π

3
r3
vir∆vir(z)ρc(z), (6)

where ρc(z) is the cosmological dark matter density and
∆vir(z) is the overdensity within the virial radius of a
halo. This can be parameterized as ∆vir(z) = 18π2 +
82d− 39d2, where d = ΩM (1 + z)3/[ΩM (1 + z)3 + ΩΛ]−
1 [77]. In terms of these quantities, the scale density is
given by:

ρs =
M

4πr3
s

[
ln(1 + c)− c

1 + c

]−1

. (7)

The density-squared integral in Eq. (4) can be written as∫
dV ρ2

host(r,M, z) =
4πr3

sρ
2
s

3

[
1− 1

(1 + c)3

]
, (8)

assuming that ρhost is described by an NFW profile.
The quantity bsh accounts for the enhancement of the

annihilation rate within a given halo as a result of sub-
structures. As our default model, we consider the follow-
ing parameterization for the boost factor:

bsh(M, z) = 110
(
M200(M, z)/1012M�

)0.39
, (9)
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FIG. 8. Two examples of viable models which provide a good fit to the observed EGB. See text for details.
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FIG. 9. The extragalactic dark matter annihilation con-
tribution to the EGB for a reference dark matter model
(mDM = 100 GeV, annihilating to bb̄ with σv = 3 × 10−26

cm3/s). The upper curve is the result using the substruc-
ture boost factor of Eq. 9, which is based on an extrapolation
of numerical simulations. The dotted curve assumes a boost
factor that is a factor of 30 lower than our default model.
The lowest curve neglects the contribution from substructure
entirely. See text for details.

where M200 is the mass of a halo contained within a re-
gion with an average density equal to 200 times the crit-
ical density (for a relationship between M200 and Mvir,
see Appendix C of Ref. [78]).

The boost factor given in Eq. 9 was obtained from
Ref. [79] (modified to account for all subhalos, including
those outside of the volume containing mass M200 [80]),
and is based on the results of numerical simulations. To
estimate the boost factor from such simulations, how-
ever, one must extrapolate to subhalos with masses well
below the current resolution (the Aquarius simulation of
Milky Way-like halos, for example, resolves subhalos with
masses down to ∼ 3 × 104M� [81]). In particular, the
result of Eq. 9 assumes that the subhalo mass function
extends down to a minimum mass of Mmin = 10−6M�,
and that the mass-concentration relationship observed

among very massive simulated subhalos can be extrapo-
lated to much smaller subhalos. In regards to the min-
imum subhalo mass, the precise value of Mmin is de-
termined by the temperature at which the dark matter
particles decouple kinetically from the cosmic neutrino
background. And while the value of Mmin is model-
dependent, typical dark matter candidates with masses
and annihilation cross sections in the range of interest to
this study generically yield minimum masses in the range
of Mmin ∼ 10−9 − 10−3M� [82, 83]. If we had increased
the minimum subhalo mass assumed from 10−6 to 10−3

solar masses, for example, the boost factors would be re-
duced by a factor of ∼4 relative to those given by Eq. 9.
Of potentially greater importance, however, is the ex-
trapolation of the subhalo mass-concentration relation-
ship. If the concentrations of low mass subhalos are not
as large as suggested by current extrapolations, the re-
sulting boost factors could be very significantly reduced.
As an example of the variation found in the literature,
we note that the boost factors presented in Ref. [84] for
galaxy-sized halos are a factor of ∼30 smaller than those
described in Eq. 9. With this in mind, we plot in Fig. 9
the contribution to the EGB from extragalactic dark
matter annihilations, for a reference dark matter model
(mDM = 100 GeV, annihilating to bb̄ with σv = 3×10−26

cm3/s), and for three sets of assumptions regarding sub-
structure. The upper curve is our default case (Eq. 9),
while the lower dotted curve represents a more conserva-
tive case in which the boost factor is reduced by a factor
of 30. We also show a calculation which entirely neglects
the contribution from substructure; this is shown as the
lower solid line in Fig. 9. We note that the conservative
case is almost indistinguishable from the case in which
we neglect substructures entirely.

We briefly mention that our results are slightly dif-
ferent from those of Ref. [70], due to differences in our
underlying assumptions. Firstly, the authors of Ref. [70]
adopted a halo mass function based on an ellipsoidal col-
lapse model, whereas we have instead adopted the model
of Ref. [73]. Secondly, we have updated our cosmologi-
cal parameters to include the recent results of the Planck
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FIG. 10. The halo mass function, dn/dM , and the integral of
the (1 + z)−1 weighted halo mass function using the model of
Tinker et al. [73] (adopted in our calculations) and the ellip-
soidal collapse model adopted in Ref. [70]. We also show re-
sults using pre-Planck (dashed) and post-Planck (solid) values
for the relevant cosmological parameters. These differences
have only a modest impact on the contribution of dark mat-
ter annihilations to the extragalactic gamma-ray background.

experiment [48]. In Fig. 10, we show that the combined
impact of these differences changes the overall normaliza-
tion of the extragalactic dark matter signal by a factor
of less than ∼20% relative to the results of Ref. [70].

B. The Smooth Galactic Halo

The angle-averaged intensity from dark matter anni-
hilations in the halo of the Milky Way (neglecting sub-
structures) is given by:〈

dIsm(Eγ)

dEγ

〉
=
〈σv〉

2m2
DM

dNγ
dEγ

1

Ωe

∫
V∗

dV
ρ2(s, b, `)

4πs2
, (10)

where s is the distance from the center of the halo, b
and ` are the direction in galactic coordinates, and Ωe
is the solid angle observed. We take the dark matter
to be distributed according to an NFW profile, and we
adopt parameters consistent with measurements: rs =
21.5 kpc, rvir = 258 kpc, and Mvir = 1.0× 1012M� [85].
These parameters imply a local dark matter density of
ρ� ≈ 0.24 GeV cm−3, which is somewhat low compared
to the more canonical estimates of 0.3-0.4 GeV/cm3 [86–
89]. If we had scaled up the dark matter density to a
value in this range, the local annihilation rate would be
further enhanced by a factor of ∼1.6-2.8.

The galactocentric radius is related to the distance
along the line-of-sight by

r2 = s2 + r2
� − 2sr� cos b cos `. (11)

The solid angle of interest is described by 0 ≤ ` < 2π
and 30◦ ≤ |b| ≤ 90◦.
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FIG. 11. The contribution to the extragalactic gamma-ray
background from dark matter annihilations in the smooth
halo of the Milky Way, for a reference dark matter model
(mDM = 100 GeV, annihilating to bb̄ with σv = 3 × 10−26

cm3/s). The result has been averaged over the following re-
gion of the sky: 0 < ` < 2π and |b| > 30◦. See text for
details.

In Fig. 11, we plot the contribution to the EGB from
dark matter annihilations in the smooth component of
the Milky Way’s halo. Comparing this to the extragalac-
tic contribution, we find that this component is likely to
be subdominant, even for conservative assumptions per-
taining to extragalactic substructure.

C. Subhalos of the Milky Way

Although the smooth halo of the Milky Way is pre-
dicted to provide no more than a subdominant contribu-
tion to the EGB, the intensity of gamma rays from dark
matter annihilations in the subhalos of the Milky Way
are expected to be comparable to the intensity of gamma
rays from extragalactic structures. Each subhalo has a
differential luminosity which is totally determined by its
density profile:

dLγ
dEγ

=
〈σv〉

2m2
DM

dNγ
dEγ

∫
dV ρ2

sub. (12)

For a subhalo of mass, M , at a distance, s, along the
line-of-sight, the photon intensity at earth is given by:

di(Eγ , s,M)

dEγ
=

1

4πs2

dL(Eγ , 〈σv〉,mDM,M)

dEγ
(13)

=
1

4πs2

bgs〈σv〉
2m2

DM

dNγ
dEγ

M2

rs(M)3
g[c(M)],

where rs is the scale radius of the subhalo and bgs de-
scribes the contribution from substructure within each
subhalo, which we set equal to 2, irrespective of mass [90].
The function g[c(M)] arises from the integral over the
volume of each satellite. For our default calculation, we
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FIG. 12. The contribution to the EGB from subhalos of the
Milky Way, for a reference dark matter model (mDM = 100
GeV, annihilating to bb̄ with σv = 3 × 10−26 cm3/s). The
upper curve is the result using our default model, while the
lower dotted curve is reduced by a factor of 30 relative to our
default model. See text for details.

set the subhalo concentrations following the approach of
Ref. [91], where the subhalo is assumed to be initially de-
scribed by an NFW profile which is then tidally stripped,
leaving only a very compact and dark matter-dominated
object. In this case,

g[c(M)] =
1

12π

[
1− 1

(1 + c)
3

] [
ln(1 + c)− c

1 + c

]−2

,

(14)
where c is the concentration of the subhalo. In addition
to our default assumptions, we also consider a more con-
servative scenario in which the contribution from galactic
subhalos is suppressed by a factor of 30 relative to our
default case, motivated by analogy to the extragalactic
calculation.

The total intensity of gamma rays at Earth from dark
matter particles annihilating in galactic subhalos is then
given by integrating Eq. 13 over the distribution of Milky
Way subhalos. Thus we have

dIsub(Eγ)

dEγ
=

∫
dV dM

dnsub(M, s, `, b)

dM

di(Eγ , s,M)

dEγ
,

(15)
where

∫
dMdV (dnsub/dM) is the total number of subha-

los in the Milky Way. We assume that the subhalo mass
function, dnsub/dM , is given by the anti-biased case of
Ref. [91], which is proportional to an Einasto profile with
αE = 0.68.

To compare to observations, we are interested in the
angle-averaged intensity of gamma rays per unit energy
over the entire galaxy. This is given by:〈

dIsub(Eγ)

dEγ

〉
=

1

Ωe

∫
M∗

∫
V∗(M)

dV dM × (16)

×dnsub(M, s, `, b)

dM

di(Eγ , s,M)

dEγ
,
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FIG. 13. The total contribution from dark matter anni-
hilations to the EGB, for a reference dark matter model
(mDM = 100 GeV, annihilating to bb̄ with σv = 3 × 10−26

cm3/s). The upper curve is the result using our default sub-
structure model, while the lower dotted curve is reduces the
contribution from substructure by a factor of 30 relative to
our default model. See text for details.

where V∗ is the volume beyond which satellites are not
resolved. We consider subhalos with masses in the
range of 10−6M� ≤ M∗ ≤ 1010M�, and assume that
they are not resolvable beyond a distance of s∗(M) =√
L(M)/4πFsens, where Fsens = 2 × 10−10 cm−2 sec−1

[91] and L(M) is the integral of Eq. (12) over all energy.

In Fig. 12, we show the contribution to the EGB from
galactic subhalos. For our default substructure model,
this contribution is comparable to that from extragalactic
dark matter annihilations. In our conservative substruc-
ture model, galactic subhalos are negligible compared to
the EGB.

A summary of this section’s results is given in Fig. 13.
Here, we have plotted the combination of extragalactic,
smooth galactic, and galactic subhalo contributions to
the EGB. The upper solid curve adopts our default sub-
structure model. The lower dotted and solid curves use
our conservative substructure model or neglect substruc-
ture entirely, respectively. We note that contributions to
the EGB from subhalos in the Milky Way and from extra-
galactic structure can be reduced significantly if low-mass
halos and subhalos are not as highly concentrated as is
suggested by extrapolations of simulations. The contri-
bution from the smooth halo of the Milky Way, however,
is significantly more robust. We also remind the reader
that we have conservatively adopted a relatively low value
of density of dark matter in the Milky Way (correspond-
ing to a local density of 0.24 GeV cm−3). The more
conservative models reduce the overall gamma ray flux
from dark matter annihilations by only a factor of ∼4
relative to our default model.
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FIG. 14. Our model of the EGB, including the largest allowed contribution from annihilating dark matter (at the 95% CL). Here,
we have adopted our default substructure model. In each case, we have marginalized over the parameters of our astrophysical
model. See text for details.

IV. CONSTRAINTS ON THE DARK MATTER
ANNIHILATION CROSS SECTION

In this section, we combine the results of Secs. II
and III in order to place constraints on the contribution
from annihilating dark matter to the EGB (for previ-
ous dark matter constraints derived from the EGB, see
Refs. [70, 92, 93]).

We begin by assessing the ability of a given model to fit
the observed data. To do this, we construct a χ2 statistic:

χ2 =
∑
i

(pi − pi,0)2

σ2
p,i

+
∑
j

(dj − dj,0)2

σ2
d,j

, (17)

where the first sum is performed over the astrophysical
parameters of the model (pi), as described in Sec. II, and
the second sum is performed over the the error bars of
the EGB spectrum as reported by the Fermi collabora-
tion [3]. The quantities σp,i and σd,j represent the un-
certainties in the astrophysical parameters and the errors
in the measured spectrum, respectively. With no contri-
bution from dark matter, our best model parameter set
yields an overall value of χ2 = 8.54. This model includes
contributions from radio galaxies, star-forming galaxies,
FSRQs, and BL Lac objects, with uncertainties in the
model parameters as described in Sec. II.

To place limits on the dark matter annihilation cross
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FIG. 15. In the left frame, we show the limits (95% CL) on the dark matter annihilation cross section derived in this study,
using our default substructure model (solid), and neglecting substructure (dashes). In the right frame, we compare this result
to the strongest existing constraints on the dark matter annihilation cross section from observations of the Galactic Center [37]
and of dwarf spheroidal galaxies [38]. See text for details.

section, we add a contribution from annihilations of dark
matter (with a given mass and annihilation channel) to
our model. We increase the value of the cross section un-
til the best possible χ2 (marginalizing over all the param-
eters of the astrophysics model) increases by 2.71 over the
best-fit with no dark matter component (corresponding
to the 95% confidence level upper limits). In Fig. 14, we
show the contributions to the EGB in models with the
maximum allowed contribution from annihilating dark
matter (assuming annihilations to exclusively to bb̄ for
five choices of the dark matter mass).

In the left frame of Fig. 15, we plot the upper lim-
its on the dark matter annihilation cross section derived
in this study. In the right frame, this result is com-
pared to the limits obtained from observations of the
Galactic Center [37] and of dwarf spheroidal galaxies [38].
For our default substructure model, the limits presented
here are approximately as stringent as those derived from
the Galactic Center (assuming an NFW profile). Our
limits obtained neglecting contributions from substruc-
ture are comparably stringent to those derived from the
Galactic Center assuming a profile with a kiloparsec-scale
core [37]. And although the constraint from dwarf galax-
ies is somewhat less susceptible to astrophysical uncer-
tainties than those derived from the EGB or Galactic
Center, even for very conservative assumptions (i.e.. neg-
ligible contributions from substructure) the constraints
derived here are as or more sensitive to dark matter par-
ticles with masses on the order of 100 GeV or greater.

V. PROJECTIONS AND FUTURE
SENSITIVITY

As Fermi continues to collect data, its sensitivity to
dark matter annihilation products in the EGB will in-
crease due to two different sets of factors. Firstly, Fermi’s
measurement of the EGB itself will improve, reducing

the errors on the corresponding spectrum and extend-
ing the measurement to higher energies. Secondly, with
a larger data set, Fermi will detect GeV emission from
a greater number of radio galaxies, star-forming galax-
ies, and blazars, and will characterize the emission from
those sources already detected with greater precision. As
it does so, the uncertainties in the contributions to the
EGB from these sources classes will be reduced consid-
erably.

To project the error bars on Fermi’s future (after 10 to-
tal years of operation) measurement of the EGB, we take
the preliminary spectrum (which is based on 44 months
of data, and is shown in the left frame of Fig. 16 [47])
and further reduce the size of the error bars by a factor of√

120/44 ≈ 1.65. Note that in this projection, we have
not removed contributions from to-be-resolved blazars, in
order to better facilitate comparisons between projected
and current models and measurements. To project the
improvement in the uncertainties of our astrophysical pa-
rameters (IR/radio correlation parameters, spectral in-
dices, etc.), we reduce each error bar by the square root
of time (relative to the amount of data that was used
in the analysis of each source population). We conserva-
tively do not account for any possible improvements in
the uncertainties of the radio or IR luminosity functions
when making our projections.

In each frame of Fig. 16, we show the projected uncer-
tainties for an astrophysical model of the EGB after 10
years of Fermi data. In the left frame, we compare this
to the preliminary Fermi (44 month) measurement of the
EGB [47]. In the right frame, we compare this model to
our projection for Fermi’s measurement of the EGB with
10 years of data. Using this projection for the model
parameters and EGB measurements, we repeat the pro-
cedure used in Sec. IV to predict the constraints that
Fermi should be able to place on the dark matter annihi-
lation cross section after 10 years of observation. These
projected constraints are shown in Fig. 17.
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FIG. 16. Projected uncertainties for an astrophysical model of the extragalactic gamma-ray background, after ten years of data
from Fermi. In the left frame, we compare this model to the preliminary Fermi measurement [47], whereas in the right frame
we compare it to the measurement projected with ten years of data. See text for details.

FIG. 17. Our projected sensitivity to dark matter annihila-
tion from Fermi measurements of the EGB after 10 years of
operation, using the astrophysical model and projected error
bars as shown in the right frame of Fig. 16. See text for
details.

VI. SUMMARY AND CONCLUSIONS

The extragalactic gamma-ray background (EGB) as
measured by the Fermi Gamma-Ray Space Telescope
contains contributions from a variety of astrophysical
sources, including radio galaxies, star-forming galaxies,
and blazars. Fermi observations of individual members
of these source classes have been used to construct distri-
bution functions for these populations in both luminosity
and redshift. As Fermi collects more data, these distri-
butions will become more tightly constrained, making
it possible to determine their contributions to the EGB
with increasing precision.

In this paper, we have constructed a model for the
astrophysical contributions to the EGB, and used this
model along with Fermi’s measurement of the EGB to
constrain the contribution from annihilating dark mat-
ter. Included in this calculation are contributions from
dark matter annihilating in the halos and subhalos dis-

tributed throughout the universe, as well as that of the
Milky Way’s halo and subhalos. The limits on the dark
matter’s annihilation cross section that we derive in this
study are competitive with those based on observations
of the Galactic Center and dwarf spheroidal galaxies.
In particular, adopting a substructure model based on
the extrapolation of numerical simulations (our “default”
model), the limits presented here are, for all masses, more
stringent than those from dwarf galaxies, as recently pub-
lished by the Fermi collaboration. If we conservatively
neglect the contributions from subhalos, our limits be-
come somewhat less stringent (by a factor of ∼4-5) but
are still competitive with those derived from dwarfs.

As Fermi collects more data, it will not only be capa-
ble of measuring the spectrum of the EGB with greater
precision, but will also more stringently constrain the
characteristics of the various astrophysical source popula-
tions that contribute to the EGB. As a result, we project
that Fermi will ultimately be able to achieve a sensi-
tivity to dark matter annihilation products in the EGB
that exceeds current constraints by a factor of ∼5-10.
For our default substructure model, we project that the
Fermi measurement of the EGB will ultimately be sensi-
tive to dark matter with the canonical thermal annihila-
tion cross section (σv = 3× 10−26 cm3/s) for masses up
to ∼400 GeV. At the end of Fermi’s mission, such limits
will likely be the strongest constraints on the dark mat-
ter annihilation cross section, although constraints from
cosmic-ray observations could in some cases be competi-
tive and complementary [94–100].

Finally, we stress that dark matter searches making
use of the EGB are complementary to those based on
observations of the Galactic Center and dwarf galaxies.
The main systematic error in searches involving the re-
gion of the Galactic Center arises from uncertainties in
the distribution of dark matter in the Milky Way’s inner
halo. While the uncertainties faced here regarding dark
matter substructure are of a comparable magnitude, they
are independent of those issues pertaining to the Inner
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Galaxy. Furthermore, while the constraints derived from
dwarf galaxies are likely more robust to systematic uncer-
tainties than those based on either the Galactic Center
or the EGB, they are also somewhat less stringent. As
Fermi collects more data, all three of these search tech-
niques will become significantly more powerful, and to-
gether will be able to test a wide range of models in which
the dark matter consists of thermal relics with masses up
to ∼400 GeV.

Acknowledgements: We would like to thank Shin’ichiro
Ando and Andrew Hearin for helpful discussion. This
work has been supported by the US Department of En-
ergy and by the Kavli Institute for Cosmological Physics.
IC and DH would like to thank the Aspen Center for
Physics and the NSF Grant 1066293 for hospitality dur-
ing the earlier stages of this project.

[1] C. E. Fichtel, G. A. Simpson, and D. J. Thompson,
Astrophys. J. 222, 833 (1978).

[2] P. Sreekumar et al. [EGRET Collaboration], Astrophys.
J. 494, 523 (1998) [astro-ph/9709257].

[3] A. A. Abdo et al. [Fermi-LAT Collaboration], Phys.
Rev. Lett. 104, 101101 (2010) [arXiv:1002.3603 [astro-
ph.HE]].

[4] F. W. Stecker, M. H. Salamon and M. A. Malkan, As-
trophys. J. 410, L71 (1993).

[5] P. Padovani, et al., MNRAS, 260, L21 (1993).
[6] M. H. Salamon and F. W. Stecker, Astrophys. J. 430,

L21 (1994).
[7] F. W. Stecker and M. H. Salamon, Astrophys. J. 464,

600 (1996) [astro-ph/9601120].
[8] R. Mukherjee and J. Chiang, Astropart. Phys. 11, 213

(1999) [astro-ph/9902003].
[9] T. Narumoto and T. Totani, Astrophys. J. 643, 81

(2006) [astro-ph/0602178].
[10] P. Giommi, S. Colafrancesco, E. Cavazzuti, M. Perri and

C. Pittori, Astron. Astrophys. 445, 843 (2006) [astro-
ph/0508034].

[11] C. D. Dermer, Astrophys. J. 659, 958 (2007) [astro-
ph/0605402].

[12] V. Pavlidou and T. M. Venters, Astrophys. J. 673, 114
(2008) [arXiv:0710.0002 [astro-ph]].

[13] Y. Inoue and T. Totani, Astrophys. J. 702, 523 (2009)
[Erratum-ibid. 728, 73 (2011)] [arXiv:0810.3580 [astro-
ph]].

[14] V. Pavlidou and B. D. Fields, Astrophys. J. 575, L5
(2002) [astro-ph/0207253].

[15] T. A. Thompson, E. Quataert and E. Waxman, Astro-
phys. J. 654, 219 (2006) [astro-ph/0606665].

[16] B. D. Fields, V. Pavlidou and T. Prodanovic, As-
trophys. J. 722, L199 (2010) [arXiv:1003.3647 [astro-
ph.CO]].

[17] R. Makiya, T. Totani and M. A. R. Kobayashi, As-
trophys. J. 728, 158 (2011) [arXiv:1005.1390 [astro-
ph.HE]].

[18] F. W. Stecker, Astrophys. J. 223, 1032 (1978).
[19] Y. -T. Gao, F. W. Stecker and D. B. Cline, Astron.

Astrophys. 249, 1 (1991).
[20] P. Ullio, L. Bergstrom, J. Edsjo and C. G. Lacey, Phys.

Rev. D 66, 123502 (2002) [astro-ph/0207125].
[21] M. Ackermann, M. Ajello, A. Allafort, et al., Astrophys.

J. 743, 171 (2011).
[22] M. Ackermann et al. [Fermi LAT Collaboration], Phys.

Rev. D 85, 083007 (2012) [arXiv:1202.2856 [astro-
ph.HE]].

[23] A. Cuoco, E. Komatsu and J. M. Siegal-Gaskins, Phys.
Rev. D 86, 063004 (2012) [arXiv:1202.5309 [astro-

ph.CO]].
[24] J. P. Harding and K. N. Abazajian, JCAP 1211, 026

(2012) [arXiv:1206.4734 [astro-ph.HE]].
[25] [Fermi-LAT Collaboration], Astrophys. J. 720, 435

(2010) [arXiv:1003.0895 [astro-ph.CO]].
[26] M. Ajello, M. S. Shaw, R. W. Romani, C. D. Der-

mer, L. Costamante, O. G. King, W. Max-Moerbeck
and A. Readhead et al., Astrophys. J. 751, 108 (2012)
[arXiv:1110.3787 [astro-ph.CO]].

[27] M. Ackermann et al. [Fermi LAT Collaboration], As-
trophys. J. 755, 164 (2012) [arXiv:1206.1346 [astro-
ph.HE]].

[28] Y. Inoue, Astrophys. J. 733, 66 (2011) [arXiv:1103.3946
[astro-ph.HE]].

[29] J. M. Siegal-Gaskins, arXiv:1308.2228 [astro-ph.HE].
[30] M. Cavadini, R. Salvaterra and F. Haardt,

arXiv:1105.4613 [astro-ph.CO].
[31] F. W. Stecker and T. M. Venters, Astrophys. J. 736, 40

(2011) [arXiv:1012.3678 [astro-ph.HE]].
[32] U. Keshet, E. Waxman, A. Loeb, V. Springel and

L. Hernquist, Astrophys. J. 585, 128 (2003) [astro-
ph/0202318].

[33] S. Gabici and P. Blasi, Astropart. Phys. 19, 679 (2003)
[astro-ph/0211573].

[34] S. Gabici and P. Blasi, Astropart. Phys. 20, 579 (2004)
[astro-ph/0306369].

[35] M. Ahlers and J. Salvado, Phys. Rev. D 84, 085019
(2011) [arXiv:1105.5113 [astro-ph.HE]].

[36] G. B. Gelmini, O. Kalashev and D. V. Semikoz, JCAP
1201, 044 (2012) [arXiv:1107.1672 [astro-ph.CO]].

[37] D. Hooper, C. Kelso and F. S. Queiroz, Astropart. Phys.
46, 55 (2013) [arXiv:1209.3015 [astro-ph.HE]].

[38] M. Ackermann et al. [Fermi-LAT Collaboration],
arXiv:1310.0828 [astro-ph.HE].

[39] A. Abramowski et al. [HESS Collaboration], Astropart.
Phys. 34, 608 (2011) [arXiv:1012.5602 [astro-ph.HE]].

[40] A. A. Abdo [Fermi LAT Collaboration], Astrophys. J.
709, L152 (2010) [arXiv:0911.5327 [astro-ph.HE]].

[41] B. C. Lacki, T. A. Thompson, E. Quataert, A. Loeb
and E. Waxman, Astrophys. J. 734, 107 (2011)
[arXiv:1003.3257 [astro-ph.HE]].

[42] M. Hayashida, L. Stawarz, C. C. Cheung, K. Bech-
tol, G. M. Madejski, M. Ajello, F. Massaro and
I. V. Moskalenko et al., arXiv:1310.1913 [astro-ph.HE].

[43] V. A. Acciari, E. Aliu, T. Arlen, et al., Nature, 462,
770 (2009).

[44] F. Acero, F. Aharonian, A. G. Akhperjanian, et al.,
Science, 326, 1080 (2009).

[45] G. Rodighiero, M. Vaccari, A. Franceschini, et al., A&A,
515, A8 (2010).

http://arxiv.org/abs/astro-ph/9709257
http://arxiv.org/abs/1002.3603
http://arxiv.org/abs/astro-ph/9601120
http://arxiv.org/abs/astro-ph/9902003
http://arxiv.org/abs/astro-ph/0602178
http://arxiv.org/abs/astro-ph/0508034
http://arxiv.org/abs/astro-ph/0508034
http://arxiv.org/abs/astro-ph/0605402
http://arxiv.org/abs/astro-ph/0605402
http://arxiv.org/abs/0710.0002
http://arxiv.org/abs/0810.3580
http://arxiv.org/abs/astro-ph/0207253
http://arxiv.org/abs/astro-ph/0606665
http://arxiv.org/abs/1003.3647
http://arxiv.org/abs/1005.1390
http://arxiv.org/abs/astro-ph/0207125
http://arxiv.org/abs/1202.2856
http://arxiv.org/abs/1202.5309
http://arxiv.org/abs/1206.4734
http://arxiv.org/abs/1003.0895
http://arxiv.org/abs/1110.3787
http://arxiv.org/abs/1206.1346
http://arxiv.org/abs/1103.3946
http://arxiv.org/abs/1308.2228
http://arxiv.org/abs/1105.4613
http://arxiv.org/abs/1012.3678
http://arxiv.org/abs/astro-ph/0202318
http://arxiv.org/abs/astro-ph/0202318
http://arxiv.org/abs/astro-ph/0211573
http://arxiv.org/abs/astro-ph/0306369
http://arxiv.org/abs/1105.5113
http://arxiv.org/abs/1107.1672
http://arxiv.org/abs/1209.3015
http://arxiv.org/abs/1310.0828
http://arxiv.org/abs/1012.5602
http://arxiv.org/abs/0911.5327
http://arxiv.org/abs/1003.3257
http://arxiv.org/abs/1310.1913


14

[46] A. W. Strong, T. A. Porter, S. W. Digel, G. Johan-
nesson, P. Martin, I. V. Moskalenko and E. J. Murphy,
Astrophys. J. 722, L58 (2010) [arXiv:1008.4330 [astro-
ph.HE]].

[47] http://fermi.gsfc.nasa.gov/science/mtgs/

symposia/2012/program/thu/MAckermann.pdf

[48] P. A. R. Ade et al. [Planck Collaboration],
arXiv:1303.5076 [astro-ph.CO].

[49] R. C. Gilmore, R. S. Somerville, J. R. Primack and
A. Dominguez, arXiv:1104.0671 [astro-ph.CO].

[50] C. M. Urry and P. Padovani, Publ. Astron. Soc. Pac.
107, 803 (1995) [astro-ph/9506063].

[51] M. Di Mauro, F. Calore, F. Donato, M. Ajello and L. La-
tronico, arXiv:1304.0908 [astro-ph.HE].

[52] A. A. Abdo [Fermi LAT Collaboration], Astrophys. J.
720, 912 (2010).

[53] C. J. Willott, S. Rawlings, K. M. Blundell, M. Lacy
and S. A. Eales, Mon. Not. Roy. Astron. Soc. 322, 536
(2001) [astro-ph/0010419].

[54] M. Ajello, R. W. Romani, D. Gasparrini, M. S. Shaw,
J. Bolmer, G. Cotter, J. Finke and J. Greiner et al.,
arXiv:1310.0006 [astro-ph.CO].

[55] K. Greisen, Phys. Rev. Lett. 16, 748 (1966).
[56] G. T. Zatsepin and V. A. Kuzmin, JETP Lett. 4, 78

(1966) [Pisma Zh. Eksp. Teor. Fiz. 4, 114 (1966)].
[57] C. -A. Faucher-Giguere and A. Loeb, JCAP 1001, 005

(2010) [arXiv:0904.3102 [astro-ph.HE]].
[58] A. A. Abdo et al. [Fermi-LAT Collaboration], Science,

325 848 (2009); D. Malyshev, I. Cholis, J. D. Gelfand,
[arXiv:1002.0587 [astro-ph.HE]].

[59] https://confluence.slac.stanford.edu/display/

GLAMCOG/Public+List+of+LAT-Detected+Gamma-Ray+

Pulsars; see also A. A. Abdo et al. [Fermi-LAT Col-
laboration], Astrophys. J. Suppl. 187, 460-494 (2010)
[arXiv:0910.1608 [astro-ph.HE]].

[60] D. Hooper, I. Cholis, T. Linden, J. Siegal-Gaskins
and T. Slatyer, Phys. Rev. D 88, 083009 (2013)
[arXiv:1305.0830 [astro-ph.HE]].

[61] R. N. Manchester, G. B. Hobbs, A. Teoh and M. Hobbs,
Astrophys. J. 129, 1993 (2005); http://www.atnf.

csiro.au/people/pulsar/psrcat/.
[62] J. M. Siegal-Gaskins, R. Reesman, V. Pavlidou, S. Pro-

fumo and T. P. Walker, Mon. Not. Roy. Astron. Soc.
415, 1074S (2011) [arXiv:1011.5501 [astro-ph.HE]].

[63] T. Arlen et al. [Veritas Collaboration], Astrophys. J.
757, 123 (2012) [arXiv:1208.0676 [astro-ph.HE]].

[64] The Fermi-LAT Collaboration, arXiv:1308.5654 [astro-
ph.HE].

[65] M. Ackermann, et al., Astrophys. J. 717, L71 (2010).
[66] D. A. Prokhorov and E. M. Churazov, arXiv:1309.0197

[astro-ph.HE].
[67] B. Huber, C. Tchernin, D. Eckert, C. Farnier, A. Man-

alaysay, U. Straumann and R. Walter, arXiv:1308.6278
[astro-ph.HE].

[68] R. Feldmann, D. Hooper and N. Y. Gnedin, Astrophys.
J. 763, 21 (2013) [arXiv:1205.0249 [astro-ph.HE]].

[69] I. V. Moskalenko and T. A. Porter, Astrophys. J. 692,
54 (2009) [arXiv:0901.0304 [astro-ph.HE]].

[70] S. ’i. Ando and E. Komatsu, Phys. Rev. D 87, 123539
(2013) [arXiv:1301.5901 [astro-ph.CO]].

[71] M. Cirelli, G. Corcella, A. Hektor, G. Hutsi,
M. Kadastik, P. Panci, M. Raidal and F. Sala et
al., JCAP 1103, 051 (2011) [Erratum-ibid. 1210,
E01 (2012)] [arXiv:1012.4515 [hep-ph], arXiv:1012.4515

[hep-ph]].
[72] S. Murray, C. Power and A. Robotham, arXiv:1306.6721

[astro-ph.CO].
[73] J. L. Tinker, A. V. Kravtsov, A. Klypin, K. Abazajian,

M. S. Warren, G. Yepes, S. Gottlober and D. E. Holz,
Astrophys. J. 688, 709 (2008) [arXiv:0803.2706 [astro-
ph]].

[74] J. F. Navarro, C. S. Frenk and S. D. M. White, Astro-
phys. J. 462, 563 (1996) [astro-ph/9508025].

[75] J. F. Navarro, C. S. Frenk and S. D. M. White, Astro-
phys. J. 490, 493 (1997) [astro-ph/9611107].

[76] J. C. Munoz-Cuartas, A. V. Maccio, S. Gottlober and
A. A. Dutton, arXiv:1007.0438 [astro-ph.CO].

[77] G. L. Bryan and M. L. Norman, Astrophys. J. 495, 80
(1998) [astro-ph/9710107].

[78] W. Hu and A. V. Kravtsov, Astrophys. J. 584, 702
(2003) [astro-ph/0203169].

[79] L. Gao, C. S. Frenk, A. Jenkins, V. Springel and
S. D. M. White, Mon. Not. Roy. Astron. Soc. 419, 1721
(2012) [arXiv:1107.1916 [astro-ph.CO]].

[80] Shin’ichiro Ando, private communication.
[81] V. Springel, J. Wang, M. Vogelsberger, A. Ludlow,

A. Jenkins, A. Helmi, J. F. Navarro and C. S. Frenk
et al., Mon. Not. Roy. Astron. Soc. 391, 1685 (2008)
[arXiv:0809.0898 [astro-ph]].

[82] S. Profumo, K. Sigurdson and M. Kamionkowski, Phys.
Rev. Lett. 97, 031301 (2006) [astro-ph/0603373].

[83] J. M. Cornell, S. Profumo and W. Shepherd, Phys. Rev.
D 88, 015027 (2013) [arXiv:1305.4676 [hep-ph]].

[84] D. Anderhalden and J. Diemand, JCAP 1304,
009 (2013) [Erratum-ibid. 1308, E02 (2013)]
[arXiv:1302.0003 [astro-ph.CO]].

[85] A. Klypin, H. Zhao and R. S. Somerville, Astrophys. J.
573, 597 (2002) [astro-ph/0110390].

[86] F. Iocco, M. Pato, G. Bertone and P. Jetzer, JCAP
1111, 029 (2011) [arXiv:1107.5810 [astro-ph.GA]].

[87] J. Bovy and S. Tremaine, Astrophys. J. 756, 89 (2012)
[arXiv:1205.4033 [astro-ph.GA]].

[88] R. Catena and P. Ullio, JCAP 1008, 004 (2010)
[arXiv:0907.0018 [astro-ph.CO]].

[89] P. Salucci, F. Nesti, G. Gentile and C. F. Martins,
Astron. Astrophys. 523, A83 (2010) [arXiv:1003.3101
[astro-ph.GA]].

[90] M. Kuhlen, J. Diemand and P. Madau, Astrophys. J.
686, 262 (2008) [arXiv:0805.4416 [astro-ph]].

[91] S. ’i. Ando, Phys. Rev. D 80, 023520 (2009)
[arXiv:0903.4685 [astro-ph.CO]].

[92] K. N. Abazajian, S. Blanchet and J. P. Harding, Phys.
Rev. D 85, 043509 (2012) [arXiv:1011.5090 [hep-ph]].

[93] T. Bringmann, F. Calore, M. Di Mauro and F. Donato,
arXiv:1303.3284 [astro-ph.CO].

[94] M. Cirelli and G. Giesen, JCAP 1304, 015 (2013)
[arXiv:1301.7079 [hep-ph]].

[95] M. Tavakoli, I. Cholis, C. Evoli and P. Ullio,
arXiv:1308.4135 [astro-ph.HE].

[96] F. Donato, N. Fornengo and D. Maurin, Phys. Rev. D
78, 043506 (2008) [arXiv:0803.2640 [hep-ph]].

[97] C. Hailey, T. Aramaki, P. von Doetinchem and
R. A. Ong, arXiv:1305.0234 [astro-ph.CO].

[98] N. Fornengo, L. Maccione and A. Vittino, JCAP 1309,
031 (2013) [arXiv:1306.4171 [hep-ph], arXiv:1306.4171].

[99] C. Evoli, I. Cholis, D. Grasso, L. Maccione and P. Ullio,
Phys. Rev. D 85, 123511 (2012) [arXiv:1108.0664 [astro-
ph.HE]].

http://arxiv.org/abs/1008.4330
http://fermi.gsfc.nasa.gov/science/mtgs/symposia/2012/program/thu/MAckermann.pdf
http://fermi.gsfc.nasa.gov/science/mtgs/symposia/2012/program/thu/MAckermann.pdf
http://arxiv.org/abs/1303.5076
http://arxiv.org/abs/1104.0671
http://arxiv.org/abs/astro-ph/9506063
http://arxiv.org/abs/1304.0908
http://arxiv.org/abs/astro-ph/0010419
http://arxiv.org/abs/1310.0006
http://arxiv.org/abs/0904.3102
http://arxiv.org/abs/1002.0587
https://confluence.slac.stanford.edu/display/GLAMCOG/Public+List+of+LAT-Detected+Gamma-Ray+Pulsars
https://confluence.slac.stanford.edu/display/GLAMCOG/Public+List+of+LAT-Detected+Gamma-Ray+Pulsars
https://confluence.slac.stanford.edu/display/GLAMCOG/Public+List+of+LAT-Detected+Gamma-Ray+Pulsars
http://arxiv.org/abs/0910.1608
http://arxiv.org/abs/1305.0830
http://www.atnf.csiro.au/people/pulsar/psrcat/
http://www.atnf.csiro.au/people/pulsar/psrcat/
http://arxiv.org/abs/1011.5501
http://arxiv.org/abs/1208.0676
http://arxiv.org/abs/1308.5654
http://arxiv.org/abs/1309.0197
http://arxiv.org/abs/1308.6278
http://arxiv.org/abs/1205.0249
http://arxiv.org/abs/0901.0304
http://arxiv.org/abs/1301.5901
http://arxiv.org/abs/1012.4515
http://arxiv.org/abs/1012.4515
http://arxiv.org/abs/1306.6721
http://arxiv.org/abs/0803.2706
http://arxiv.org/abs/astro-ph/9508025
http://arxiv.org/abs/astro-ph/9611107
http://arxiv.org/abs/1007.0438
http://arxiv.org/abs/astro-ph/9710107
http://arxiv.org/abs/astro-ph/0203169
http://arxiv.org/abs/1107.1916
http://arxiv.org/abs/0809.0898
http://arxiv.org/abs/astro-ph/0603373
http://arxiv.org/abs/1305.4676
http://arxiv.org/abs/1302.0003
http://arxiv.org/abs/astro-ph/0110390
http://arxiv.org/abs/1107.5810
http://arxiv.org/abs/1205.4033
http://arxiv.org/abs/0907.0018
http://arxiv.org/abs/1003.3101
http://arxiv.org/abs/0805.4416
http://arxiv.org/abs/0903.4685
http://arxiv.org/abs/1011.5090
http://arxiv.org/abs/1303.3284
http://arxiv.org/abs/1301.7079
http://arxiv.org/abs/1308.4135
http://arxiv.org/abs/0803.2640
http://arxiv.org/abs/1305.0234
http://arxiv.org/abs/1306.4171
http://arxiv.org/abs/1306.4171
http://arxiv.org/abs/1108.0664


15

[100] L. Bergstrom, T. Bringmann, I. Cholis, D. Hooper and C. Weniger, Phys. Rev. Lett. 111, 171101 (2013)
[arXiv:1306.3983 [astro-ph.HE]].

http://arxiv.org/abs/1306.3983

